?F Fermi National Accelerator Laboratory

FERMILAB-TM-1996

Charge Collection in a Hybrid Photodetector
Dan Green

Fermi National Accelerator Laboratory
P.O. Box 500, Batavia, I1linois 60510

August 1997

Operated by Universities Research Association Inc. under Contract No. DE-AC02-76CHO03000 with the United States Department of Energy



Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, expressed or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or reflect

those of the United States Government or any agency thereof.

Distribution

Approved for public release; further dissemination unlimited.



Charge Collectionin a
Hybrid Photo detector

Dan Green
Fermilab



I ntroduction

The hybrid photo detector (HPD) has been adopted as the CM S hadron calorimeter (HCAL)
baseline photon transducer. It consists of a photocathode in close (~2 mm) proximity to a PIN
diode. A thin passivation layer on the PIN diode provides an offset to the backside bombardment
of the diode by photoel ectrons accelerated by the cathode bias voltage - V. Since it takes 3.6 eV
in Si to liberate an electron-hole pair, the gain of the deviceis, G ~ (Vc-V1)/3.6, where the
passivation threshold voltageis VT. For example, with V1 =2kV, and V¢ = 10 kV, the device
gainis2222. Thusthe device acts somewhat like a classical PMT, but can operate in the 4T
magnetic field of CMS.

ChargeCarriersinthe PIN Diode

The mobility, Y, of the electrons and the holesis i, = 1450 cm?/V/ sec and Mp = 450 cm?/V sec.

The Si structure of the HPD PIN diodeis shownin Fig. 1. The Player ishighly doped but

shallow as is the N+ layer (the “backside”). The main N layer is only lightly doped. The bias
voltage for reverse bias iss\V¢ 0. The P and N+ layers provide good ohmic contact to the
substrate. The N+ layer also allows for over depleted operation. The electrons liberated in the N
layer move to the N+ backside, while the holes move to the P junction. In DC coupled operation,
charge is taken off the P side. Basically the device acts like a solid state ionization chamber,
except that both charge signs have finite mobility, and the electric field in the N gap is not
constant.

Fields and Potentialsin the PIN Diode

Assuming that only the N layer has finite thickness, the depletion of the diode junction causes a
constant ion charge densfyn the N layer. SincA*D = p, the electric field E is linear in x.

Since the field is the gradient of the potential V, the potential is quadratic in X. The fields are
illustrated in Fig. 2.

V(x) = Vg[1 - (x/d)] (1)
E(x) = Eo(x/d), Eo = 2W/d

These expressions apply just at depletion. If the electric field is driven further into the PIN
structure, then (see Fig.2) E(x) = Eo(¥}fet = Eo(x/d) +AE, x4 = dAE/EO0). In this over

depleted case, there is a finite electric field in all parts of the N layer. Clearly, in this situation
the charge collection time will be decreased.



ChargeMotion in the N Region

We consider only the simplest case of point illumination. A pair is produced at a single point xo.
Note that the range of a10 kV electronin Si isabout 1.4 um. Therefore, with backside
bombardment of photoelectrons accelerated to 10 kV, xo ~ 0 is a reasonabl e approximation.
Note that the thickness of the N layer isd = 300 um, so that xo/d <<1.

In the approximation that the mobility is independent of the electric field, the velocity is dx/dt =
UE. The boundary condition isthat x (t=0) = xo0. The electrons are swept to x = 0 by the electric
fieldinthe N region. Using Eqg. 1 for the field, E(x), the solution for x(t) is

X_(t) = xo*exp(-t/t.), 1. = d/(1EO0) 2
Therefore, the solution for very largetisthat x = 0. Thereason isthat, just at depletion, the
field at x=01is zero. Hence it takes avery long time to sweep up the electrons. If the PIN
structure is over depletion, asin Fig. 2, then the solution for x(t) becomes

X-(t) = (X0 + Xg)*exp(-t/1.) - Xq (©)]
As before, x(0) = xo, but the time to arrive at x = o isnot finite and = tg.

Xd/(X0 + Xq) = exp(-ta/T.) 4

The holes are swept to the Pside and arrive at x = d. The electric field increases during this
motion, with the corresponding solution.

X+(t) = xo*exp(t/t+) ()

The drift time for the holes is defined by the x=d condition, (d/xo0) = exp(ts/t+). Note that there
are 2 time constants, T . and 1. for the motion of the 2 charge carriers.

Charge Induced on the Electrodes

The motion of the chargesin the N region induces charge on the electrodes which is then
detected. It iseasiest, perhaps, to view the situation from the energy aspect. The charge motion
in the field causes work to be done on the charge, thus changing the charge on the electrodes, Q.
The PIN diode as a capacitor has energy U, capacitance C.

U=CV%¥2=Q%2C (6)
dU = gEdx = (Q/C)dQ = VdQ



In Eqg. 6, q refersto the chargein the N region, E the field there, and Q the electrode charge.
Note that the polarity of the charge induced is the same for electrons as holes, since the charge q
differs but also the drift direction dx. Consider the electronsfirst, g=-e.

Using Eg. 1 for E(x), assigning V = Vg, and relating dx to dt by the definition of mobility, the
expression for the electrode current due to electron motion, 1.(t) is

|(t) = dQ.(t)/dlt (7
= -(xo/d)*(2e/t)* exp(-2t/1.)

The maximum electron current occurs at t=0, when the charge motion is most rapid. Integrating
Eq. 7 once and applying the boundary condition that Q(0)=0 one finds

Q.(t) = -e(xo/d)’[1 - exp(-2t/1.)] (8)

Note that Q. at long times reaches the asymptotic value, -e(xo/d)®. Since xo/d is rather small, the
electrons contribute little to the charge collection in this device. The basic quadratic behavior of
I and Q arises since dQ ~ Edx ~ xdx (EQ. 6). The motion of the holesis always accelerated.
Using Eg. 6 and the x.(t) solutions previously derived

1. (t) = -(xo/d)?(2e/1+)* exp(2t/1+) (9)

In the case of the holes, the minimum current occurs at t = 0, while the maximum occursat x = d,
which happens at timet = tg, I.(tg) = (2€/1+). Integrating the hole current to get the hole charge,
with the boundary conditionthat Q =0att=0.

Q. (t) = -e(xold)[1 - exp(2t/1+) (10)
Q:(tg) = -e(xo/d)[1 -(d/x0)2)
~e

In summary, it is expected that the electron current is small, since backside illumination implies
that the charge production point is very near the N+ electrode sink for the electrons. The hole
current is expected to rise from asmall value to amaximum at t = tg. The charge collected from
electronsis small, while essentially all the hole chargeis collected in atime ty. Numerically, for
Vg =100V, d =300 pum, 1. = 3.1 nsec and 1+ =9.9 nsec. Then onefindsthat ty = 53 nsec if xo =
1.4 um. That timeisalittle long for LHC applications where the bunch crossing timeis 25 nsec.
For 1 pe released at the cathode, we get 2222 pairs made at xo. The maximum current isthen 71
nA which occurs at t = tg.
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Fig. 1:  The S electrode structure of the DEP HPD. The signal electrode is DC coupled for
high rate operation. Vg isthe PIN diode ;bias voltage. V¢ isthe photocathode bias
voltage.

Fig. 22 Thex dependence of the silicon structure, the electric field just at depletion and over
depleted, and the bias voltage.
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Fig. 1:  The Si electrode structure of the DEP HPD. The signal electrode is DC coupled for
high rate operation. Vg is the PIN diode bias voltage. V¢ is the photocathode bias
voltage.
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Fig. 2:  The x dependence of the silicon structure, the electric field just at depletion and over
depleted, and the bias voltage.




